The AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) subfamily of iGluRs (ionotropic glutamate receptors) is essential for fast excitatory neurotransmission in the central nervous system. The malfunction of AMPARs (AMPA receptors) has been implicated in many neurological diseases, including Alzheimer's disease, Parkinson's disease and amyotrophic lateral sclerosis. The active channels of AMPARs and other iGluR subfamilies are tetramers formed exclusively by assembly of subunits within the same subfamily. It has been proposed that the assembly process is controlled mainly by the extracellular ATD (N-terminal domain) of iGluR. In addition, ATD has also been implicated in synaptogenesis, iGluR trafficking and trans-synaptic signalling, through unknown mechanisms. We report in the present study a 2.5 Å (1 Å = 0.1 nm) resolution crystal structure of the ATD of GluA1. Comparative analyses of the structure of GluA1-ATD and other subunits sheds light on our understanding of how ATD drives subfamily-specific assembly of AMPARs. In addition, analysis of the crystal lattice of GluA1-ATD suggests a novel mechanism by which the ATD might participate in inter-tetramer AMPAR clustering, as well as in trans-synaptic protein-protein interactions.
INTRODUCTION
iGluRs (ionotropic glutamate receptors) are ligand-gated ion channels that form transmembrane cation-permeable channels. iGluRs exist as three distinct sub-families according to their agonist specificity and amino acid sequence: AMPARs (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors), kainate receptors and NMDARs (N-methyl-D-aspartate receptors). Activation of iGluRs is critical for the induction of some forms of LTP (long-term potentiation), a type of synaptic plasticity associated with learning and memory [1, 2] . iGluRs play crucial roles in normal neuronal function and in neurological disease, and thus are being actively pursued as therapeutic targets for the treatment of amyotrophic lateral sclerosis, neuropathic pain, major depression, Alzheimer's disease and Parkinson's disease.
Despite having divergent functional properties, iGluR family members adopt a common modular architecture. A typical iGluR subunit contains four distinct domains: an extracellular ATD (N-terminal domain; ∼400 residues), an extracellular LBD (ligand-binding domain; ∼300 residues), three TMDs [TM (transmembrane) domains] (TM1-TM3) plus a re-entrant pore loop (P) and an intracellular C-terminal domain ( Figure 1a ). Active iGluR channels are tetramers formed exclusively by assembly of subunits within the same subfamily. This process is thought to be mediated in part by the ATD through a mechanism that is not fully understood.
Historically, structural biology has made significant contributions to our understanding of iGluR function. The first crystal structure of an iGluR, the LBD of GluA2, was determined in 1998 [3] . Since then, more than a hundred high-resolution crystal structures of iGluR LBD have been reported, including subunits from all three subfamilies of iGluR either in the apo form or in complex with a variety of agonists, antagonists and modulators. Collectively, these structures have established the detailed molecular mechanisms underlying iGluR channel activation, inhibition and desensitization [4, 5] . Nevertheless, the first crystal structure of a full-length iGluR ion channel, the homomeric GluA2, was not accomplished until 2009 [6] . This extraordinary advance has yielded unprecedented information on the molecular architecture and symmetry of iGluR. Structural studies on full-length iGluRs are exceptionally difficult to perform, and to date have yielded only a single snapshot of a homomeric GluA2 bound with an antagonist. It is therefore not surprising that our understanding of iGluR structure and function continues to be derived from studies with isolated recombinant ATDs and LBDs.
In contrast to the well-characterized LBD, much less is known about the molecular properties of the ATD, even though this domain is crucial for the physiological function of iGluRs. For example, the spontaneous mouse mutation hotfoot is a recessive mutation characterized by cerebellar ataxia and jerky movement of the hind limbs, and is often caused by in-frame deletions of various regions of the ATD of GluRδ2 [7] . The functional activities of ATD fall into three general categories. First, it is widely accepted that the iGluR-ATD guides receptor subfamilyspecific assembly, ensuring that only subunits within the same subfamily assemble with one another [8] [9] [10] [11] . Interestingly, the subfamily-specific assembly of tetrameric voltage-gated Shaker K + channels is also determined by the N-terminal T1 domain [12, 13] . Secondly, the NMDAR-ATD modulates receptor function by providing binding sites for allosteric modulators that include protons, zinc ions, polyamines and small organic molecules such as ifenprodil [1, [14] [15] [16] . However, no small molecules have been shown to bind the AMPAR-ATD or the ATD of kainate receptors. Thirdly, the ATD resides within the synaptic cleft, and thus Abbreviations used: ATD, N-terminal domain; AMPAR, α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor; iGluR, ionotropic glutamate receptor; IP, immunoprecipitation; LIVBP, leucine/isoleucine/valine-binding protein; LBD, ligand-binding domain; mGluR, metabotropic glutamate receptor; Ni-NTA, Ni 2 + -nitrilotriacetate; NMDAR, N-methyl-D-aspartate receptor; PEG, poly(ethylene glycol); S-loop, specificity loop; TMD, transmembrane domain. 1 These authors contributed equally to this work 2 To whom correspondence should be addressed (email rjin@sanfordburnham.org). The structural co-ordinates and diffraction data for GluA1-ATD reported will appear in the PDB under accession code 3SAJ. Figure 1 The structure of GluA1-ATD (a) iGluRs have a modular architecture that includes the ATD, LBD, TMD (transmembrane ion channel domain) and the C-terminal intracellular region. The ligand-binding pocket on LBD is defined as a red pentagon. Shown is one subunit on the basis of crystal structure of the full-length tetrameric GluA2 [6] . (b) Ribbon diagram of the structure of GluA1-ATD (PDB code 3SAJ). The secondary structures are numbered in a sequential order and the α-helix, β-strand and loop are coloured in yellow, blue and green respectively. The missing loop between helices α9 and α10 is shown as a broken line. (c) View of the structure of GluA1-ATD from the side following a rotation of ∼90 • around a vertical axis.
may be involved in protein-protein interactions. By doing so, the ATD could regulate both dendritic spine morphogenesis and presynaptic stability [17, 18] . Some ATD-binding partners have been identified, including neuronal pentraxins (Narp, NP1 and NPR) [19, 20] and N-cadherin [21] that bind to AMPAR-ATD, and an ephrin receptor that binds to NMDAR [22] .
Our limited knowledge of the structure and function of the ATD is in part due to the challenge associated with recombinant protein production. Large-scale protein expression of the ATD using insect and mammalian cells has been successful only recently, and has resulted in a number of ATD structures, including the ATDs of GluA2, GluK2, GluK3, GluK5 and GluN2B [23] [24] [25] [26] [27] [28] . Structural analyses have revealed several unique features of ATDs within each subfamily of iGluRs with respect to the protomer structure, subfamily-specific subunit assembly and competence for ligand binding. These findings have clarified how the ATD prevents subunits from different subfamilies from assembling into a tetramer. However, the role played by the ATD in driving assembly of different subunits within a subfamily remains unclear. This is a critical process, as most native AMPAR channels are heteromers that co-assemble with the GluA2 subunit, which serves to decrease channel permeability to calcium ions. This problem has motivated us to perform structural studies on other subunits of AMPARs to complement the structure of the GluA2-ATD, which we reported in 2009 [23] . In the present study we report the structure of the GluA1-ATD at 2.5 Å (1 Å = 0.1 nm) resolution. The crystal structures of GluA3 and GluN1-ATD were reported while this manuscript was in preparation [29, 30] .
EXPERIMENTAL Protein expression and purification
The rat GluA1-ATD (Pro 4 -Ala 374 ) (amino acid numbering corresponds to the mature polypeptide after cleavage of the endogenous signal peptide) was cloned into a modified pFastBac vector (Invitrogen). The human placental alkaline phosphatase signal peptide was added to the N-terminus of GluA1-ATD. A C-terminal Myc-tag and His 8 -tag following a PreScission protease cleavage site were introduced to facilitate purification and characterization. The protein was expressed and secreted from Spodoptera frugiperda (Sf9) insect cells, and purified from media by Ni-NTA (Ni 2 + -nitrilotriacetate) affinity chromatography (Qiagen). The C-terminal tags were removed by PreScission protease treatment after buffer exchange into 20 mM Tris/HCl, pH 8.0, 150 mM NaCl and 1 mM EDTA. The cleaved protein was then applied to an ion-exchange column (Mono S TM 5/50 GL; GE Healthcare) after a 5-fold dilution to pH 6.0, and subsequently eluted with a NaCl gradient. The peak fractions containing GluA1-ATD were exchanged into a buffer containing 20 mM Tris/HCl, pH 8.0, 150 mM NaCl and 1 mM EDTA, and concentrated to ∼10 mg/ml for crystallization.
For co-IP (co-immunoprecipitation) studies, GluA1-ATD was expressed and purified as described above, except that the Myc-tag and His-tag were not excised. Cloning, expression and purification of GluA2-ATD were carried out as described previously [23] . As a negative control, a ∼40 kDa bacterial protein with a C-terminal Myc-tag was expressed in Escherichia coli and purified to homogeneity. All proteins were exchanged into the same buffer (25 mM Tris/HCl, pH 8.0, 200 mM NaCl and 0.2 % Nonidet P40) before the assay was performed.
Crystallization and diffraction data collection
Initial crystallization screens were carried out using a Phoenix crystallization robot (Art Robbins Instrument) and commercial high-throughput crystallization screen kits. After extensive manual optimization, the best GluA1-ATD crystals were grown by hanging-drop vapor diffusion at 18
• C, in which the protein (10 mg/ml) was mixed in 1:1 ratio with a reservoir solution containing 100 mM sodium acetate, pH 5.0, 24 % PEG [poly(ethylene glycol)] 3350 and 200 mM MgCl 2 . Single crystals were obtained only by micro-seeding. The crystals were cryoprotected in the reservoir solution supplemented with 15 % glycerol. The X-ray diffraction data were collected at − 173
• C at the microfocus beam line 12-2, Stanford Synchrotron Radiation Lightsource (SSRL), using a Dectris Pilatus 6M Pixel detector. All data sets were processed and scaled by using iMOSFLM [31] . Data collection statistics are summarized in Supplementary Table S1 (at http://www.BiochemJ.org/bj/438/bj4380255add.htm).
Structure determination and refinement
The structure of GluA1-ATD was determined by molecular replacement using Phaser [32] . One protomer of GluA2-ATD (PDB code 3H5V) was used as the search model to locate the four molecules of GluA1-ATD in one asymmetric unit. The preliminary structural model was subsequently refined with Phenix 1.5 [33] and re-built with COOT [34] in an iterative manner. Refinement progress was monitored with the free R value using a 5% randomly selected test set [35] . The GluA1-ATD structure was refined to 2.5 Å with R work /R free = 0.22/0.28. The structural refinement statistics are listed in Supplementary  Table S1 . The co-ordinates and diffraction data for GluR1-ATD were deposited in the Protein Data Bank (PDB code 3SAJ).
Figures were prepared with PyMOL (http://www.pymol.org).
Co-IP
Co-IP assays were carried out in a buffer containing 25 mM Tris/HCl, pH 8.0, 200 mM NaCl and 0.2 % Nonidet P-40. The antibodies used for co-IP and Western blotting were a mouse antiGluA2-ATD antibody (MAB397, Millipore) and a mouse anti-Myc antibody (9B11, Cell Signaling Technology). The same amounts of proteins, antibodies and Protein A resins were used in all experiments. The IP reactions were performed at 4
• C overnight. After extensive washing, the immunocomplexes were separated by SDS/PAGE, transferred on to a nitrocellulose membrane and immunoblotted with anti-GluA2 or anti-Myc antibody. Western blots were visualized with an alkaline phosphatase-conjugated rabbit anti-mouse secondary antibody (Bio-Rad Laboratories).
RESULTS AND DISCUSSION

Purification, crystallization and structure determination
Of all the modular domains of iGluR, the ATD has the largest sequence diversity across different families, showing only 0.2 % sequence identity. The ATD also has the lowest sequence identity within each subfamily; for example, AMPARs have ∼35 % identity in the ATD, compared with 80 % identity in the LBD and 87 % in the transmembrane ion channel region [5] . Interestingly, a structure similarity search showed that the ATD adopts a structural fold similar to that of the bacterial LIVBP (leucine/isoleucine/valine-binding protein; a member of the periplasmic ligand-binding protein family) [36] , the LBD of mGluR (metabotropic glutamate receptor) [37] and the LBD of NPR (natriuretic peptide receptor) [38] . Nevertheless, the overall sequence identity between the ATD and these proteins is quite low (below 15 %).
We expressed the GluA1-ATD (residues Pro 4 -Ala 374 ; numbering based on the mature GluA1) as a secreted form in Sf9 insect cells. The secreted protein was directly purified from the media by Ni-NTA affinity chromatography followed by ionexchange chromatography. The final yield was approximately 0.3 mg of purified protein per litre of cell culture.
Multiple crystal forms of GluA1-ATD were identified by robotic high-throughput screening followed by manual optimization. Most of the crystals diffracted weakly to ∼6 Å resolution, consistent with our previous finding [23] . After extensive optimization of crystallization conditions, we focused on a condition using PEG 3350 as a precipitant, which yielded crystals that routinely diffracted to ∼4 Å. Interestingly, the plate-like crystals grew from this condition only after microseeding. The original seed crystals were obtained from a drop set up by robot. This drop showed severe precipitation after setup; tiny crystals grew after a month at 18
• C. Micro-seeding using these crystals yielded plate-like crystals that were further optimized. Single crystals grown under these conditions showed great variation in their thickness, and easily stacked on top of each other. This property significantly slowed the progress of structure determination. A large number of crystals have been screened and the best data set diffracted to approximately 2.5 Å (Supplementary Table S1 ). The structure of GluA1-ATD was solved by molecular replacement using the structure of GluA2-ATD (PDB code 3H5V) as the search model. The structure was refined at 2.5 Å resolution (R work /R free = 0.22/0.28) and shows excellent crystallographic and stereochemical statistics (Supplementary Table S1 ).
Overall architecture of GluA1-ATD
The crystal of GluA1-ATD shows four molecules in one asymmetric unit forming two pairs of dimers. Excellent electron densities were observed for 365 residues, but residues His 260 -Trp 265 were not observed. GluA1-ATD has a two-domain flytraplike structure (Figure 1b) . The N-terminal lobe (L1) and the C-terminal lobe (L2) each have an α/β topology with the central β-sheets surrounded by α-helices, and are connected by three short inter-domain loops. All four crystallographically independent protomers have a similar conformation. Close inspection reveals that the overall structure of GluA1-ATD is similar to that of GluA2 and GluA3 [23] [24] [25] 29] . Pair-wise comparisons of Cα atoms yielded rmsd (root mean square deviation) values of 0.8 Å (GluA1 compared with GluA2) and 0.9 Å (GluA1 compared with GluA3) in the core of the L1 domain. More diversity was observed in the L2 domain; ∼1.3 Å between GluA1 and A2, and ∼1.5 Å between GluA1 and A3.
Despite the conserved structural cores, there are five prominent differences among GluA1-GluA3. First, a loop that connects helices α9 and α10 (His 260 -Trp 265 ) has no visible electron density on GluA1-ATD, suggesting a highly flexible conformation in this area ( Figure 1b) . As a result, the helix α9 on GluA1-ATD swings away from the core of L1 by as far as 4.5 Å at the C-terminus of α9, compared with GluA2. Secondly, GluA1 has a shorter helix α6 (Glu 165 on GluA1 compared with Leu 180 -Arg 184 on GluA2). In contrast, GluA2 and GluA3 adopt very similar conformations in this region.
The third structural difference among GluA1-GluA3 is in the S-loop (specificity loop) that links helices α10 and α11 and is attached to the core structure on L1 through a disulfide bond (Figure 1b) . It is termed the S-loop because it plays a key role in interactions at the ATD dimer interface, and because its sequence and length is more conserved within than between receptor subfamilies [23, 26] . This loop adopts a different conformation [23] . Unexpectedly, the S-loop in GluA1 participates in extensive inter-dimer interactions. The potential physiological relevance of this unique feature will be discussed further below. Fourthly, a loop connecting helices α7 and β9 on L2 adopts a different conformation to the equivalent loop in GluA2. It is worth noting that in GluA2 this loop is mainly responsible for the dimerof-dimers interaction in the ATD in the context of a tetrameric channel [6] . Such assembly in the ATD will not form if this loop adopts the conformation as observed in GluA1-ATD.
Finally, we observed extensive trans-domain interactions in the clamshell cleft on GluA1-ATD (see Supplementary Figure S1 at http://www.BiochemJ.org/bj/438/bj4380255add.htm). Figure S1) . Among these interactions, only one hydrogen bond formed between Asp 219 and Tyr 270 is conserved on GluA2; none of these interactions are observed in GluA3. Nevertheless, the ATDs of GluA1-GluA3 all adopt similar partially closed conformations, with only a moderate domain twisting movement of approximately 3 to 6 degrees between L1 and L2, which suggests that the trans-domain interactions are not the major force stabilizing the closed clamshell conformation. In sharp contrast, the homologous structures, e.g. mGluR-LBD or LIVBP, could have a domain closure up to 50 degrees upon ligand binding in the cleft. A similar mechanism is proposed for NMDAR, in which binding of a modulator in the ATD cleft could trigger the close-open movement of the ATD and subsequently induce structural rearrangement at the ATD-ATD and ATD-LBD interfaces [39, 40] . However, direct evidence for such a mechanism has not yet been obtained. Interestingly, an unassigned electron density was observed in the ATD cleft of GluA2-ATD using the 1.75 Å resolution data, which could potentially be a ligand [29] . However, no similar density was observed in another high resolution GluA2-ATD structure (1.8 Å) or in any of the known structures of the kainate receptor ATDs at resolutions up to 1.4 Å (GluK5) [24, 27] .
Dimeric organization of the ATD is not rigid
Both the GluA1 and GluA2 ATDs form tight dimers in solution [23, 24] . In the crystal structure, the GluA1-ATD forms two pairs of indistinguishable dimers, with each dimer possessing a noncrystallographic 2-fold symmetry. The L1-L1 dimer interface is formed primarily by helices α2 and α3 in combination with the S-loop lying on the top (Figure 2a) (Figure 2d ). This pattern is almost identical to that of the GluA2 structure, with one subtle difference being that GluA2 Ile 157 is replaced with GluA1 Val 157 . The highly conserved intra-dimer interactions between GluA1 and GluA2 suggest that the predominant hetero-assembly of GluA1 and GluA2 into the same tetrameric channel in vivo is unlikely to be determined solely at the ATD level. Other domains, e.g. LBD and TMD, are likely to be required to fulfill the complex assembly [8] .
Surprisingly, the L2-L2 interface on GluA3-ATD is quite different to that of GluA1 or GluA2. The key interacting residues on GluA1, Leu 137 and Val 157 , are replaced with Phe
143
and Arg 163 respectively on GluA3. In this case, the closely packed L2-L2 interface that is conserved on GluA1 and GluA2 cannot be maintained because the hydrophobic patch is disrupted by insertion of the large side-chain of Phe 143 and by a positively charged Arg 163 . As a result, the GluA3 L2-L2 interface breaks up, and the dimer is maintained primarily by the conserved L1-L1 interface (see Supplementary Figure S2c at http://www.BiochemJ.org/bj/438/bj4380255add.htm). This could explain the fact that GluA3-ATD has the lowest affinity for homodimerization among all AMPARs (its K d value is more than 600-fold lower than that of GluA2-ATD) [29] .
To better understand the flexibility of dimer organization in the AMPAR family, we superimposed the dimeric ATDs of GluA1-GluA3 on the basis of the Cα atoms of one protomer (Mol-A) and examined the conformational changes of the other protomer (Mol-B) (Figure 3) . The protomer structures of GluA1-GluA3 are all very similar (Mol-A, Figures 3a and 3b) . The Mol-B of GluA1 and A2 in a dimer are almost identical, as could be predicted from their highly conserved L1-L1 and L2-L2 interfaces. Significant dimer rearrangement is observed on GluA3-ATD where the Mol-B of GluA3 is rotated clockwise along an axis perpendicular to the dimer interface (Figures 3c  and 3d ). Rotation and translation up to ∼8
• and ∼7.4 Å are observed on GluA3-ATD, using as references helices α3 and α5 that mediate key interactions on L1 and L2 respectively.
When we compared all six available structures of the nonNMDARs, GluA1, GluA2, GluA3, GluK2, GluK3 and GluK5, we observed a correlation between the stability of the ATD dimer interface and the receptor's ability to form a functional homomeric ion channel. Receptors that have large and stable dimer interfaces on both L1 and L2 domains, such as GluA1, GluA2, GluK2 and GluK3, all form functional channels. In contrast, GluA3 and GluK5 both have twisted and significantly weakened dimer interfaces, and, interestingly, GluA3 has a high propensity to form heteromeric assemblies with other AMPARs, whereas GluK5 requires obligate co-assembly with GluK1-GluK3 to form functional channels [27, 29] . This suggests that formation of a stable ATD dimer through homo-or hetero-dimerization is a key determinant for the assembly of a functional tetrameric channel.
We have shown previously that the ATD of GluA1 and GluA2 form homodimers in solution, with K d values of 270 nM and 152 nM respectively [23] . In the present study, we observed that GluA1 and GluA2 ATD could directly interact with each other (Figure 2c) . A robust interaction was observed between the ATD Figure 2 GluA1-ATD forms a homodimer that is stabilized by extensive intra-dimer interactions (a) Ribbon diagram of the structure of a GluA1-ATD homodimer viewed perpendicular to the molecular two-fold axis. The two protomers are coloured blue and orange respectively. The dimer interface can be divided into two sections that are outlined in red and blue boxes respectively. (b and d) Close view of the dimer interface located in L1 (red frame) and L2 (blue frame). Key residues that participate in intra-dimer interactions are shown as sticks. Broken lines indicate hydrogen bonds. (c) ATD mediates heterodimerization between GluA1 and GluA2. Purified recombinant GluA1-ATD with a C-terminal Myc-tag and GluA2-ATD were used for IP. A specific anti-GluA2-ATD antibody (MAB397, Millipore) and an anti-Myc antibody (9B11, Cell Signaling Technology) were used for IP and Western blotting (IB). A non-related Myc-tagged protein (∼40 kDa) was used as a negative control (labeled as #). Please note that the ATD bands were smeared due to glycosylation. Signals outside the blue boxes are non-specific due to antibody heavy chains (*) or an unknown protein that came from the anti-GluA2 antibody (**). 'Input' represents the starting materials for IP.
of GluA1 and GluA2 by co-IP when relatively high concentrations of recombinant proteins were used (∼4 μM for each). It is likely that GluA1 and GluA2 ATD form heterodimers, because no tetrameric species was observed when a mixture of GluA1 and GluA2 ATDs was analysed by analytical ultracentrifugation at a similar concentration (results not shown). The interaction was much weaker when co-IP was performed at relatively low protein concentration, suggesting only a weak interaction between GluA1 and GluA2 at the ATD region. These findings are consistent with a model that heteromerization of AMPAR is mediated cooperatively by interactions at multiple regions, including the ATD, the LBD and the transmembrane channel [8] . Interestingly, it has been reported recently that GluA1 and GluA2 ATDs form heterodimers with a very high affinity (K d ∼0.4 nM) [25] , and the same group estimated that GluA2-ATD forms homodimers with a similar K d (∼1.8 nM). It raises a question as to how these two high-affinity binding events, the homodimerization of GluA2 and the heterodimerization between GluA1 and GluA2, are fine-tuned.
L2 domain has a high degree of flexibility
To investigate further the structural flexibility of the ATD, we analysed the B-factor distribution in each of the three members of AMPAR with known structures. The B-factors in a protein crystal structure reflect the fluctuation of each atom about its average position, and are important indicators of the flexibility and dynamics of a protein. Since measured B-factors in different structures are affected by differences in crystal handling, data collection and structure refinement, we examined only the distribution of B-factors within each structure.
The B-factor analysis shows that across GluA1-GluA3, the core of the L1 domain is the most stable, whereas the L2 domain has greater flexibility (see Supplementary Figure S2 ). This is consistent with the dynamic analysis of GluA3-ATD showing that its L2 domain is very mobile [29] . As expected, the peripheral regions of GluA1-ATD that show large structural differences with GluA2 and GluA3, including α6, α9 and the S-loop, all show high B-factors. Interestingly, GluA1-ATD seems to have higher intrinsic flexibility on the L2 domain compared with GluA2, despite their highly conserved intra-dimer interactions. Although the precise explanation for this difference awaits further study, the high degree of flexibility of the L2 domain of GluA1 may explain its preference to form heteromeric channels with GluA2 rather than homomeric channels. The flexible structure of GluA1-ATD could also explain the difficulty in crystallizing the proteins that we have encountered.
The combination of a stable L1 domain and a mobile L2 domain on the ATD is reminiscent of the ligand-binding property of NPR, which has an LBD closely related to the ATD. NPR-LBD shares a similar dimer assembly to the ATD, except that the L2 domains are separated in a manner similar to that observed on GluA3-ATD (Supplementary Figure S2c) [38] . The natriuretic peptide ligand binds in the centre of the L2-L2 dimer interface on NPR-LBD, and subsequently pulls the L2 lobe in the dimer into closer proximity. Since the dimer of NPR is fixed by the stable L1-L1 interface, the movement of the L2 domain induces a 13.5
• more open clamshell for each protomer [38] .
Interestingly, the binding site for spermine, an allosteric modulator for NMDAR, is predicted to locate near the L2-L2 dimer interface of the ATD [14, 41, 42] . In the context of the full-length tetrameric GluA2, the L2 of ATD is in direct contact with the D1 domain of LBD, and the stability of the LBD D1-D1 interface is a key determinant of the kinetics of channel activation and desensitization [4, 43] . It is intriguing to propose that modulator binding on the L2-L2 interface of AMPAR might change the mobility of the L2 domain, which in turn would affect the D1-D1 interface of the LBD and allosterically modulate channel activity. Thus the L2-L2 dimer interface of AMPAR could provide a good target for development of therapeutically active allosteric modulators.
Crystal lattice suggests a novel mode of ATD-mediated AMPAR association
Remarkably, the isolated ATDs of three different iGluR subunits (GluA2, GluK2 and GluK3) all crystallize from various crystal forms in a similar dimer-of-dimers assembly, replicating the structure found in the full-length GluA2 [6, 23, 24, 26, 27] . This is another example showing that physiological protein-protein interacting interfaces are frequently used for crystal packing. As shown in Figure 4(d) , only the two 'proximal' protomers within a tetramer (Mol-A and Mol-A') bind to each other via the L2 domain. The two 'distal' protomers (Mol-B and Mol-B') stay further away. The tetramerization of the isolated ATD is consistent with the suggestion that the ATD plays a key role in tetramer assembly of iGluR in vivo [8] [9] [10] [11] .
Interestingly, another bona fide protein-protein interacting interface on iGluR, the LBD dimer interface, was originally identified as a crystal-packing 'artefact'. For example, AMPAR-LBD forms a functionally authentic dimer in the crystal lattice but is predominantly monomeric in solution [6, [43] [44] [45] . The LBDs of GluN1 and GluN2A do not oligomerize in solution, but crystallize as a physiologically relevant heterodimer [46] .
Motivated by these observations, we inspected the crystal lattice of GluA1-ATD and found a novel inter-dimer interface on the ATD (Figure 4 ). This interface shows several significant differences from the known dimer-of-dimers ATD interface. First, the known interface is mediated by the L2 domain, whereas the new interface is mediated by the L1 domain. For simplicity, we refer to the known interface as the tail-to-tail interface and the novel packing as the head-to-head interface. Secondly, both ATD protomers in a dimer are involved in the head-to-head interface, whereas only one of the two protomers makes contact in the tail-to-tail interface. Thirdly, a large solvent-accessible surface of ∼1900 Å 2 is buried in the head-to-head packing on GluA1-ATD, which is even larger than the intra-dimer interface (∼1500 Å 2 ). It is generally accepted that a buried interface larger than 700 Å 2 is likely to have physiological relevance [47] . In contrast, the tailto-tail inter-dimer interface in the GluA2 crystal structure is only ∼330 Å 2 . Finally, the head-to-head interface is mainly formed by the S-loop (Figure 4b) (Figure 4b ). Since the composition of the S-loop is subfamily-specific, such head-tohead assembly will probably lead to association of iGluRs within each subfamily.
Structural modeling suggests that the novel head-to-head packing of the ATD is unlikely to exist within a tetramer, due to constraints from the downstream LBD [6] . However, the head-tohead interface could mediate the inter-tetramer interaction upon a slight conformational change on the ATD through a flexible linker (∼17 residues) connecting the ATD and LBD (Figure 4d ). Indeed, a similar Y-shape conformation of a tetrameric AMPAR was observed by single particle electron microscopy, where the two ATD dimers swing away from each other while the remaining tetramer structure remains the same [48, 49] .
The ATD-mediated inter-tetramer aggregation of AMPAR raises the intriguing possibility that ATD might play a role in clustering of the highly concentrated AMPAR at the synaptic membrane. This would be consistent with the observation that neuronal pentraxins (Narp, NP1 and NPR) interact with the ATD of AMPAR and promote clustering of the receptors [19, 20, 50] . Furthermore, the head-to-head assembly of the ATD generates a large molecular surface on top of the ATD in the shape of a parallelogram (diagonals 107 Å×56 Å), which stands ∼130 Å away from the postsynaptic membrane, making it an ideal surface to interact with presynaptic proteins (Figure 4 and Supplementary Figure S3 at http://www.BiochemJ.org/bj/438/bj4380255add.htm). In keeping with this hypothesis, it has been shown that AMPARs play a crucial structural role in regulating the stability of presynaptic inputs, which is mediated by the ATD and is independent of receptor-mediated channel activity [18] .
CONCLUSION
The present study reports the first crystal structure of the ATD of the GluA1 subunit of iGluRs. Detailed structural analyses comparing GluA1-GluA3 suggest that homodimerization of ATD is mediated mainly by interactions between the L1 domain, which are highly conserved within the AMPAR family. The L2 domain has greater relative mobility and is probably responsible for the different affinities for homodimerization among the AMPAR ATDs. It is notable that the intra-dimer interface is highly conserved between GluA1 and GluA2, and we observe weak heterodimerization between them. Thus the isolated ATD is probably insufficient to drive the preferred hetero-assembly of AMPARs as observed in vivo. This conclusion is consistent with a model in which the LBD and the transmembrane channel also play important roles in heteromerization of AMPARs [8] .
Our results from the present study suggest a plausible headto-head arrangement of the dimeric ATD that is mostly mediated by the specificity loop. This unique inter-tetramer association of AMPAR provides a novel suggestion as to how highly concentrated AMPARs form clusters on the synaptic membrane, and how the ATD might be involved in trans-synaptic signal transduction. Several synaptically localized molecules function across the synaptic cleft to reciprocally co-ordinate differentiation on both sides of the synapse, including neurexin-neuroligin, SynCAM, cadherin, EphrinB-EphB and Liprin-α/LAR. The ATD crystal structure reported in the present study will allow investigations of the role played by ATD in trans-synaptic signalling and in regulating presynaptic stability, and will add a new dimension to our understanding of iGluR function.
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